The hydrodynamic stability of an ablation front is studied for situations in which the wavelength of the perturbations is larger than the distance to the critical surface where the driving radiation is absorbed. An analytical model is presented, and it shows that under conditions in which the thermal flux is limited within the supercritical region of the ablative corona, the front may behave like a flame or like an ablation front, depending on the perturbation wavelength. For relatively long wavelengths the critical and ablation surfaces practically lump together into a unique surface and the front behaves like a flame, whereas for the shortest wavelengths the ablation front substructure is resolved.
Introduction
Hydrodynamic instabilities in an ablation front are of central interest to inertial confinement fusion as they are the main physical process that limits the performance of the target implosion [1] . At the first stage the front is affected by a Richtmyer-Meshkov-like instability when a shock is launched into the external layers of a shell target [2] [3] [4] , and these instabilities set the initial conditions for the later Rayleigh-Taylor (RT) instability that appears when the shock has traversed the shell and becomes accelerated as a whole [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
Ablation is a very rich phenomenon that presents many differents aspects depending on the geometry, ablator material, the existence or not of steady state conditions, and whether the radiation driving the ablation is in local thermodynamic equilibrium or not. The latter is the case of laser-driven ablation, in which the corona plasma created and the incident radiation are stopped completely at the surface where the critical density, ρ cr , is attained. The subcritical region (ρ < ρ cr ) is heated by inverse bremsstrahlung, whilst in the supercritical region (ρ > ρ cr ) the energy is transported mainly by electronic thermal conduction, although radiation and/or suprathermal electrons may also be present. In addition, the flow in the subcritical region may be supersonic if the plasma is weakly absorbing the laser radiation or subsonic close to the critical surface and sonic far from it in the opposite case. 1 Author to whom any correspondence should be addressed. Under certain conditions, an ablation front behaves like a laminar flame and may also be affected by the Landau-Darrieus (LD) instability [17, 20] . In fact, we have shown recently that this can happen when inhibition of the heat transport takes place within the supercritical region of the ablative corona (y < y cr , where y is the coordinate normal to the front and y cr is the distance between the front and the surface where the critical density for radiation absorption, ρ cr , is attained) and the front is affected by perturbations of wavelength, λ, longer than the critical distance, y cr (figure 1) [20] . The existence of LD instabilities in an ablation driven front was first reported in [17] , where it was claimed that numerical simulations showed front instability without gravity and with negative gravity (gravity pointing out from the lighter towards the heavier fluid), although details of these simulations were not presented. These results confirm the idea frequently invoked in the literature that close similarities exist between ablation and flame fronts [6, 7, 16] .
More precisely, the results of [20] show that an ablation front behaves like a laminar flame when the thermal flux becomes limited in the supercritical region of the corona, so that it allows for the existence of a steady supersonic zone in the subcritical region of the corona (y > y cr ) [21] , provided we consider length scales larger than y cr . Under these 'flame conditions' the ablation front turns out to be a sort of substructure of the laminar flame (an ablative flame), and as such it can also be affected by the RT instability when it is in the presence of a gravitational field [22] [23] [24] . As was noted in [20] , the main difference between these ablative flames and the classical laminar flames in combustion theory is that in our case we have to deal with a supersonic region behind the front that prevents any direct extrapolation of the combustion theory results. Nevertheless, the results of [20] can be extended in order to describe the RT instability of the ablative flame front. We find here that, as for classical laminar flames, the ablative flame turns out to be RT unstable for relatively small perturbation wave numbers, k = 2π/λ, but becomes stable for wave numbers larger than the cut-off value, k cf . In the light of the previous considerations, such a result is certainly not a surprise, but it lead to a behaviour of the ablative flame that is completely different from the one found either in classical laminar flames or 'classical' ablation fronts. In fact, for k > k cf the front behaves like a flame, provided that ky cr < 1 and the RT instability is controlled by the flame physics, but for larger values of k the substructure of the ablation front is resolved and the behaviour of the RT instability becomes determined by the physics of the ablation. The latter implies a cut-off perturbation wave number, k ca that is in general different from k cf . Thus, depending of the perturbation wave number, the front will behave either as a flame or as an ablation front, giving place to a variety of possible situations. In particular, if k cf y cr < 1 < k ca y cr , a region of stability can exist for intermediate values of k that may explain recent experimental results [25, 26] . In this paper we extend the model of [20] in order to describe the RT instability of an ablative flame front.
RT instability of an ablative flame (ky cr 1)

Basic equations and corona model
We first review the description of the structure of a steady ablation front in planar geometry by means of the simple analytical model presented in [20] , to which the reader is referred for more details (see also [21] ). For this, we start with the conservation fluid equations ∂ρ ∂t
where the fluid has been considered as an ideal gas with enthalpy coefficient h = 5 3 and p = (h − 1)ρ . In addition, ρ, v, and are, respectively, the density, the velocity, and the specific internal energy of the fluid. The term W in equation (3) takes into account the energy deposition by laser or non-local thermodynamic equilibrium radiation in the subcritical region. The heat flux, q, in the supercritical region is taken to be the minimum between the classical value, −κ D ∇ , and a phenomenological form representing inhibited heat flux [21, 27] ,
In this expression the flux limiting factor, φ, is related to the more usual flux limit, f (q T −f n e m e (kT /m e ) 3/2 , where m e and n e are the electron mass and density, respectively, and k is the Boltzmann constant), so that φ = 8.63f ZA 1/2 /(Z + 1) 3/2 . κ( , ρ) is the thermal conductivity, and it may be an arbitrary function of and ρ. For simplicity, here we will consider classical electronic thermal conduction,
where χ is the coefficient of thermal conductivity [27] . A similar power law with a different power index can be used in the supercritical region for representing situations in which transport by radiation or suprathermal electrons is present [8, 10, 12, 14, 20] . For the stationary description of the corona profiles in the supercritical region (0 y y cr ), the previous equations reduce to the following expressions [20, 21, 27] ,
where M is the isothermal Mach number andṁ is the mass ablation rate, and the index '2' indicates the values in the dense unablated phase (y 0). In writing the previous equations,
we have neglected the effect of the acceleration, g, in the bulk of the supercritical flow. This is a good approximation as far as the Mach number in such a region is relatively small, and it allows us to take Mach and Froude numbers as independent parameters (Froude number is
where L 2 is the characteristic thickness of the ablation front) [8] . As was shown in [21, 27] , the condition for flux-limited heat flow at the critical surface is φ < 0.6. Then, in the zone where the heat flux is limited, equation (8) can be approximated by the following well known equation [21, 27] ,
where hereafter the index ' − ' indicates the values in the flux-limited region. For obtaining equation (10), we have introduced the limited heat flux branch of equation (4) 2 . In the case of planar geometry and steady flow, it is also known that physical conditions require a discontinuity placed where the local Mach number first reaches the value M − given by equation (10) [20, 21] . At this point, the density drops sharply from ρ − > ρ cr to ρ + < ρ cr , so that the energy deposition by laser or radiation ends at the discontinuity. Therefore, for 0 y y cr , it is M 2 M M − < 1 and equation (8) together with equations (4) and (5) yields the profile of the specific internal energy in the supercritical region of the corona [20, 21, 28] ,
where we have considered that the unablated phase has a uniform specific energy 2 and then the ablation surface lies on the surface where the heat flux vanishes (y = 0). Using equations (6) and (7), we get the fluid velocity, v, by solving the following quadratic equation:
For the subcritical region (y y cr ), we assume that the flow is isothermal and that it is also stationary. Since q T = q T ( ), the energy equation can be written as
Consistent with equations (3), (6) , and (7), we get uniform profiles and a negligible energy deposition (W = 0) for y y cr ,
where the index '+' indicates the values on the subcritical side of the discontinuity at y = y cr . As was discussed in [20] , this steady uniform region can only exist within a distance l = (M + − 1)c + t from the critical surface and provided that M + > 1. As we will see later, it requires M − < 1 or φ < 0.6 [21] . In order to find relationships between the magnitudes on the subcritical and supercritical sides of the critical surface (y = y cr ), we must require the conservation of mass, momentum, and energy across, this surface
where M − is given by equation (10), q T− is determined by equation (8), I a is the intensity of the laser driving the ablation absorbed in the critical surface, and we have considered that W = dI L /dy (I L is the laser intensity).
As is well known, two extra equations are needed in order to close the problem [21, 27, 28] . In principle, these extra equations should result from Maxwell's equations for the electromagnetic wave interacting with the plasma [28] . However, the common approach in simple ablation models consists of the introduction of physically reasonable extra equations. Here, as in [20] , we adopt the following equations [27] :
Then, from equations (15), (16), and (19) we obtain
On the other hand, we can calculate the critical distance, y cr , in terms of M 2 and M − by using equations (11) and (12): Figure 2 shows η cr as a function of M − for M 2 = 0.1, 0.12, and 0.15.
Linear stability analysis of the ablative flame
As in [20] we consider a plane front that is represented as a surface with a fixed temperature (an isotherm). As a consequence of the perturbations, this surface is deformed so that its position at any time is y = ξ(x, t). Also, we assume that the front is weakly curved (kL 2 < 1) and that the critical surface is relatively close to the ablation surface (ky cr < 1). Different from [20] , we consider here an acceleration field, g, that is opposite to the density gradient, and it is taken in the direction of the positive y-axis. Then, we perform the stability analysis by linearizing equations (1)- (4) for y < 0 and equation (13) for y > y cr , respectively. For this, we consider that every quantity ϕ (ρ, v, p, ) evolves in the following form [5, 2, 14, 20] ,
where γ is the instability growth rate, ϕ 0 denotes the unperturbed value of ϕ, and q represents the longitudinal wave numbers. Linearizing first the fluid equations for the regions on both sides of the front (y < 0 and y > y cr ), we can obtain the characteristic equations that give all the possible perturbation modes, q, in such regions (for the details of the derivation the reader is referred to [20] 
where the index '1' denotes values in the subcritical region of the corona at a distance of the order of k −1 from the ablation front. Also, By requiring that the perturbations vanish at y → ±∞, we can find the solutions on both sides of the ablation surface [20] . For y < 0, we obtain only one solution of equation (25) that is associated with the sonic mode q ≈ k, δv 2y = −iδv 2x = A e ky ,
For y > y cr , M 1 = M + , and equation (26) yields two modes (γ < kv 1 ). We have an isothermal mode q ≈ −k δv 1iy = iδv 1ix = B e −ky ,
where ρ 1 = ρ + and the subscript 'i' is for 'isothermal'. Also, we have the vorticity mode
where the subscript 'v' is for 'vorticity'. The quantities A, B, and C are the amplitudes of the different modes, and every perturbation on each side of the front can be written as a linear combination of these modes. Such linear combinations provide the boundary conditions that must be satisfied by the differential equations for the perturbations in the front region. Then the next step is to obtain such equations by linearizing the conservation fluid equations (equations (1) to (4)) in the front region. For this we must take into account the perturbation of the front coordinate ξ(x, t) = ξ f exp(γ t + ikx) [2, 5, 14, 20] ,
Introducing this expression into the fluid equations, we find the equations for the perturbations on the interface,
where the index '0' indicates unperturbed magnitudes and we have put terms of the order of k 2 or higher on the right-hand side of the equations. We have to complement the previous equations with the condition arising from the property of the interface of being an isotherm [5, 6, 14, 16, [18] [19] [20] 
Following [18] [19] [20] , we can get an approximate solution of equations (31)-(34) by proceeding in the following manner. At a first step, we neglect the terms on the right-hand side of those equations, so that it produces a first order solution. This solution represents essentially the LD equations for a laminar flame (kL 2 1) [18] [19] [20] [22] [23] [24] ,
Here the index '0' in the perturbations denotes the first order solution. The second step is to use equations (37)-(40) in order to estimate the terms previously neglected on the right-hand side of equations (31)-(34). Thus, we obtain an approximate second order solution,
where
and we have considered that ikδp 0 ∼ ikδp 2 ∼ γρ 2 δv 2x γρδv x because we are assuming that the perturbations are relatively large on the interface but they become smaller as we go away from it. In addition, by introducing equation (38) into the right-hand side of equations (31) and (32), we obtain the following integrals
where w = v/v 2 and η = y/L 2 and the integration limits are
For writing equation (48), we have used equations (6) and (7). Combining equations (41) and (44) and neglecting small terms, it yields
and introducing equation (50) into equation (41), we get
From the set of equations (42), (43), (50), and (51), we can get the instability growth rate, γ , by using equations (27)- (29) to write the perturbations on each side of the front (see [20] for more details),
is the Atwood number. In order to evaluate γ (k), we need to calculate the integrals a, S, and a 0 and to know r D . For this we use the approximate corona model described in section 2.1, and we obtain a ≈ 2(w
(w
where w − = v − /v 2 and we have used equation (14) . In addition, we have
Then, we see that the growth rate is in general a function of M 2 and M − . From equation (52) we can see that γ 0 for k k cf , where k cf is the cut-off perturbation wave number, and it is given by the following expression:
Equations (52)- (57) determine the growth rate of the RT instability of an ablative flame front and are practically the same as those resulting for laminar flames in combustion theory [23, 29] . The main difference arises from the new term containing the integral b (or a 0 ), which accounts for the finite Mach number behind the front, and from the values of the integrals a and S, which also depend on M 2 and M − and reflect the particular structure of the ablative flame. As can be appreciated by comparison with classical results in combustion theory, the fact that the flow is supersonic for y y cr has practically no effect on the formal expression for γ (k), but, of course, the particular structure of the present ablative flame will determine its specific values. As a consequence of such a structure, γ (k) is a function of three parameters, namely the Froude number, Fr, the density jump, r D , and the velocity jump, w − , between the ablation front and the critical surface. In a classical laminar flame, the last two parameters are both equal to the so-called expansion parameter θ − = − / 2 [22, 23, 29] . Here, as in [20] , we use the Mach numbers M 2 and M − as parameters instead of r D and w − .
In figure 3 we show two typical situations. In figure 3(a) , for Fr = 25, M 2 = 0.2, and M − = 0.4, we see that the LD instability dominates for perturbation wave numbers, k, close to the cut-off value, k cf , and it produces a maximum growth rate that is higher than the corresponding value for the classical RT instability (CRT). For relatively small values of k the front instability is controlled by the CRT. In figure 3(b) instead, LD instability has practically no effect. In general, we see that LD instability becomes important for relatively high values of the Froude number or for values of M − that are close to M 2 . The latter case means that critical and ablation surfaces are very close and that the flame behaviour of the front dominates.
In the cases shown in figure 3 , it is k cf y cr < 1 (k c L 2 < η −1 cr ) for which the model presented in this section applies to all possible perturbation wave numbers (k < k cf ). Nevertheless, in practical situations we may have k cf y cr > 1, and then the model presented in this section will apply only in the region ky cr > 1 (k −1 < y cr ). For larger values of k, the substructure of the ablation front starts to be resolved, and it takes the control of the instability process. A similar situation occurs even if k cf y cr < 1, but we consider relatively large values of k, so that ky cr > 1. In this case the ablative flame front is stable for k cf < k < y cr the stability will be determined for the ablation front, which is an internal structure of the ablative flame front. Thus, depending on the perturbation wave numbers considered, a variety of situations are possible in which the front behaves like a flame or like an ablation front.
In order to describe such situations, we need to use previous results for the RT instability of an ablation front [13, 18, 19] . Such results will be reviewed in the next section. 
RT instability of the ablation front (ky cr > 1)
The RT instability of an ablation front has been extensively studied in the regime ky cr 1, Fr 1, and kL 2 1 [5] [6] [7] [8] [9] [10] [11] . An extension to the regime 0 kL 2 1 and arbitrary Froude numbers has been performed in [12, 13] by interpolating previous results for the extreme situations Fr 1 and Fr 1. On the other hand, a more general analytical model valid in the regime 0 kL 2 1 and arbitrary Froude numbers has been presented recently in [18] . It reproduces the results of [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] and applies to an ablation front with arbitrary corona profiles. This model, like all the previous results, applies when M 2 < M 1 M − 1 (M 1 is the Mach number behind the ablation front at a distance of the order of k −1 from it). However, it has allowed for the further generalization presented in [19] , which extends the previous results to situations with a small but finite Mach number, M 1 , behind the front,
Since we are interested in situations in which the maximum Mach number in the supercritical region is relatively small but still finite (inhibited thermal flux and M − < 1), we will use here the model of [19] for the description of the RT instability in the ablation front. In the following, we review the main results of [19] . The reader is referred to this reference for more details. Thus we have the fact that the growth rate γ (k) for the RT instability in the regime ky cr > 1 is given by the following expressions,
where = (r Da ) is determined by the following equations,
The integrals a a and S a turn out to be
and the density jump, r Da , is obtained in terms of kL 2 from the following equation:
In the limit M 2 = 0, equations (60)- (65) reproduce the previous results of [7] [8] [9] [10] [11] [12] [13] [14] [15] 18] . From equation (60) we get the equation that determines the cut-off wave number, k ca , as a function of the Froude number, Fr, and the Mach number, M 2 :
Discussion
Depending on the relatives values of k ca , y cr , and k cf , we may have several regimes that can be identified from figure 4 , where we have represented k ca L 2 , η f , it is k cf y cr 1 k ca y cr , and the front behaves like a flame for the perturbation wave numbers for which ky cr 1, but it behaves like an ablation front for ky cr 1. An example of this case is shown in figure 5 for Fr = 1, M 2 = 0.2, and M − = 0.5, where the gap corresponds to a stability region. As we can see, a stability region exists between k cf L 2 and η −1 cr (k cf y cr ky cr 1). Such a region corresponds to wave numbers for which the ablative flame is stable. However, the front becomes again unstable when the perturbation wavelength λ = 2π/k is sufficiently small to resolve the structure of the ablation front (1 ky cr k ca y cr ). This stability region for intermediate values of k may explain recent experimental results reported in [25, 26] . According to the present model, the stability island observed in these experiments should correspond to a perturbation wavelength, λ, of the order of the critical distance, y cr . However, at present is not possible to know if the experiment parameters correspond to the required values of F r, M 2 , and M − (or f ) predicted by our model.
Finally, we have the fact that for Fr example of such a case is shown in figure 6 for Fr = 0.05, M 2 = 0.15, and M − = 0.35. In cases like this, the flame behaviour appears for relatively small values of k, so that it has little effect on the growth rate as it approaches its classical value. The three regimes described above occur in general for other values of M 2 and M − . In figure 7 we have represented k ca , k cf , and η 
Conclusions
Under conditions in which the heat transport becomes inhibited in the supercritical region of the ablative corona, a subcritical corona with a steady supersonic region may exist [21] . In such a case the corona has a structure and properties similar to those of a laminar flame, provided that we consider scale lengths larger than the critical distance, y cr [20] . This ablative flame has the ablation front as an internal substructure that is resolved when we consider distances shorter than y cr . Therefore, in the analysis of the hydrodynamic instability of the front, we find that the growth rate is determined by the flame or ablation front physics, depending on the perturbation wavelength considered. For relatively large wavelengths, the front behaves like a flame, whilst for the shortest wavelengths the ablation front structure is resolved by determining the instability growth. Thus, when the perturbation wavelength is varied, we find a variety of physical situations. In particular, stability islands may occur for intermediate values of the wavelength if k cf y cr 1 k ca y cr . That is, for such a range of wave number values, the ablative flame front becomes stable, whilst the ablation is still unstable. This situation may be present in recent experiments where stability has been observed for intermediate wavelengths [25, 26] . Also, as was shown in [20] , for ky cr 1, the front can be unstable in the absence of gravity as the front behaves like a flame for these relatively long wavelengths [17, 20] . In addition, like classical laminar flames, the front can also be unstable for negative gravity, provided that |Fr| > 4I r D /A T (see equation (58)), in agreement with the claims of [17] , where the ablative flame behaviour was observed in numerical simulations, although the details of such results were not reported in that paper.
Finally, it may be worth remarking that the simple corona model of section 2 does not allow for relating the model parameters Fr, M 2 , and M − with the laser parameters (intensity, wavelength, pulse duration) and target material properties mainly because determination of the Froude number requires a detailed knowledge of the thermal conductivity on the ablation front in order to calculate the characteristic length, L 2 (which is not necessary for the instability analysis). In addition, a knowledge of M 2 would require modelling the preheating of the unablated phase close to the ablation front, which is beyond the capabilities of this model. Finally, the parameter M − is determined from the flux limit parameter, f , which summarizes the complex physics of the interaction of the electromagnetic wave with the plasma and the heat transport in the critical region. Thus the model parameters represent all the physics not included in the model. Nevertheless, an advantage of this kind of instability model is that it can be used in combination with one-dimensional numerical simulations in order to calculate accurately the model parameters Fr and M 2 (for a given reasonable value of f ) and the corona profiles to be introduced into the integrals a, S, and b. In a future research, we will use the present model as a guide for a numerical simulation study of the laser and target material space of parameters for which the ablative flame effects are relevant.
